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‘Ihc’ Nortlirid~e  ear thquakc’  ctisI Ll])td tllc’ liVC’S allci livelihoods 0{ lnally 0{ the
~csidolts d tllc I m AI Igelcs aIca. C’asualilics  included 33 dead as a di~ cd l-csu]t
of tl~e earthquake, rnorc  tha~~  7,000”  il~juries trcald at hosf]ita]s a?ld over 20,000
hol”nc’]c’ss  (~j. ];iml~cial ]OSSC’S  have bcw~ estimatect at $] 3-2(1 bi]]icm (3). Sc@io~ls
of thlce major freeways wcvc closed includins  the busiest highway ill tllc coun-
try, ]nterstatc 10. “1’he losses Continur  to gI ow as damaged business districts lcm
custo]nms, tilllc is lost in lonp,cr  co)nlnutes , and rmtms  avoid even t}~e ulldaln-
agd hollsinc  in tll[’ q)icclltral  re~, ion. III the midst of tllesc ]osscs, tile gains
llmdr throup,h ear t}lquakc  IIazal d ll~iti:atic)ll  efforts of the last two dccactcs wmc
ot)vious. Retrofits of masonry t)uildil~~s  lI(IIIJ  rcciuce tllc 10SS  of life, l~os])itals
suffered less St ILl(’t  LIIa]  ciall~a~c’ tllall ill tile 1971 Sail l;mna]Id  CL earthquake, and
the clnw~el~cy  I cspmm was cxo]lplaly. ‘1’h(I Nortllrid~,e  caIthqtlake })1 ovd tl~at
})le]xtli~lg for ea] tllcluakes  call greatly reduce tlw risk,

‘1’hcI  c’arthquake  tmougllt  hOIIIC  several im]mr[allt lcssoIIs for scientists  allcl
Cmgillecrs  as well as for tl~c rcsictmlts  of southelii  C a l i f o r n i a . soIlle  We’re
co]~fil-matim~  of t}~e rescalcll  ~esu]ts  of the last decade of the Naticma] ]Iar(hquake
1 lazards Reduction 1 ‘rogI am. 31~1 ust faults cmIcealcci  below I m AI\gcles  ~mesmlt
a thIeat to the region app] oacl~illg  that posd by the Sa~l Andlras  fa~~lt. WhCIII
cart }~c]uakes  occur directly tmwath a City, i t will tm subjccicd to grouIIci  It-lotions
with Jwak accelmations appIoaciLiIlg  tlIc force of gravity, exccdiI~S  tl~c levels of
sllakil~g anticipated by tmilding codes in solrw respects. Scmc’ C)f tlw lc’ssmls  of
tile Cal tl~quake,  mpcciall y about the effecls of cartl~quakes,  wcs c Inom SUT ]Irisillg.
(;roullci  failure inducd by shakil~g  can bc as mtensivr  as that callsd  t)y ciiwct
faulting, and t}lc system of col~ceald  fault$ undw 1,cm Angeles is IIIOIC coIII})lex
tllall pI[’vimlsly thought, di}l])il~g both to {}IC north and south.  l’hc ellgi~leeri~lg
]essolls, with aIl unprccdmited  nun~ber  of olginecmci  structures subjcctccl  to
kII gc gyoutd IIiotims,  may tw the ]xlost im]mtant of all. q’l~e wide-scale  failLII  c
of 2-4 story apart jncnt  buildings llui]t ovrr palkillg Saragcs  lIas illl}m~tallt
ill~})lications fox rcgiona] lmusing IIcds lmausc of tllc ~mvasivc  LlsfI  of sLIcl~

llnciersta~lding  the ca~lsc and cmrectillg  the wc]d fractul (IS ill taller,‘< S~J\lCLltIPS.  >

steel fralne t-nlilclillgs ill this ear tlquakc will tw essential to contil~ue tmi](iin:  in
car t]lquake-prone xegiolls.

“1’0 Clescr it-w tl~is (Id! tllquakc, we filst malllil~e the tectonic set tins of t)lc event
dILci the c]~aracteristics  of its callsa] fau]t. we then c’xamil~e the shakil~g al~ci
fitoulLci cicfo] xnation  ]Jroc\ucd t)y the Cvcllt a n d  aIla]y7c  hc)w we]) it call tx’
(’xplaincd by the known fault geollletl y. “1’}Ic  clalnage to tmildings allci o ther
structures can then br judged in relatiml to tile shaking ~M ocluu’d  by the evolt.
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“J”cc[onic  Sc[ting  of l,OS AII~eles

~’hc [dat(’ boundary ~wtwcwn the l-’acific (XxIa]\ al~d North A]nmica]l @af[Is

dominates the tectcmics of much of Califorl~ia, ‘1’hc boundary is particularly
conl])]cx in southern ~a]ifornia  because of a ~mlci ill l]le Sail Al”lcireas  fau]t that
offsets the lmundary 16(1 kln in a left ste]] (i. e., to the east whcm heaciil~g south)
(I;ig,. 2). Thr ~lorthw’wtwa~ct  IIlotion  of  the l’acific  l ’ l a te  alol]g the w~cst-
~lortl~w~cst-striki]~~  San Andrcas fault ~equires  compression of the crust around
this tmld (4), MoI-e than 10 n~n~/yr  of this sllorte~~il~g  is acconunodatcd o]] t}lc
sysle]l~  of cast-striking thmst faults ald folds of the q’ra)wversc  Rallgcs and the
1 m Angeles basin (5) that we refm to as the IIig ]kmd Con~prcssim~al  Ymle, 3’l]c
ml~e includes nlany sub-parallel faults dipping both to the north and south,
some that come to the surface and some that do not, broad folds and dowN -
warps, intcrspcv  scci t)y numerous Miocene to recent seclimmltary basins. q’he in-
teraction of these faults has yet to t)c uncle)  stood in detail but probably nc) single
fa~llt do]ninatcs the cmnpressiona]  dcfcmllatim  in the way that the San Anclrcas
fault }11 illci~)ally accolnmodates the strike- sli~) dcformatiml of Califonlia.

‘1’he longest thl LIS1 fault cx]msecl at thr surface in tl~c Uig llcnci C’oln})lcssic)l~al
Y,one is t}~c C’LlcalI~c)~lga-Sie~~a  Madt~ fault that dips north under the hishest  and
stccq~est  mountains of the belt (I;ig. i, 2) with a geologically determined
lnillillluln  sli]] rate of 3 n~m/yr  (8). “1’he  1971 San l~m~ancio earlhquatw  tnokc tltc
westmnnmst  15 km of this fault systelll (9). lo th~ west of Nortlirictge, this
systcm splits into two su:-ficial  faults, the north-dipping San Cayetano fau]t ald
tile south-dipping Oak Ridge falllti I’llc world’s thickest section of l-’lic)ccne
sectimcl]ts,  12 k~n ill tile Vel~tula  t)asill, lies betwee~~  t h e s e  t w o  fatllts (10).
Geodetic  measurements have shown the Ventura basin to be cmcI  of {l~e fastest l~o >V<~”\<
clefmming parts of C:alifmn  ia, closing at 8 nml/yI (11). [‘./ . \ :) -j p

‘1’he 1994 Northriclge  earthquake c~ccurrwi at the intersection of several ‘ .f Q, LQk)+
~ ;., Of..

ma]pxt faults of the Big Bend Ccmlpressional Z,cme (l~ig. ?). The nearest known
south-clipping fault is the Oak Ricige fault to the west in the Vmtura  basin (?1,
??). T’he surficial ex~m’ssiol~ of this fault ends 15 km west of the buried rupture
of thp Nortllridge  mainshock. Above the northern part of the 1994 fault p]anc is
the tiansitim of the north-dipping Sierra Madre fault to the Santa Susana  and
San Cayctano faults (lFig. 2) (13). q“’hc  fault that moved in this earthquake does
not extel~cl to the surface and was IIc)t n~a]~~mt before the event.

Recent ~liodcrate earthquakes in so~~thern  C’aliforllia (including the 1987
Whittier Narrcwm M5.9 event (14, 15)) allct an ol~-going analysis of geology and
scislnicity  has revcalcct the [mtentia] for cla~naging  earthquakes cm the concealed
thrust faults c~f the 1 m Angeles basin (16, 7) as well as the surficial fau]ts of the
IIig IJenci Compressions] Z,one. I’he dense system of exposed and concealed
thrust faults alol~g the nor therll flank of tile 1 m A1~geles  basin coupled with high
geodetic rates of compression irl~]}ly t}~at the northern 1 m Angeles regic)n faces
one of t}~e greatest seismic hazards in southern California (17). A report in
revision at the time of the Nort}~rid~e  eart}lquake  had put the northerli  San
l~elllando  Valley in the to]) one-sixth of southern California for seismic ~Jc)tential
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(18). ~’he risk (19) is even g] mtcr  became  these faults underlie the heavily
urbanized scctimentary  basins. Whi]C’ potcl]tia] eart}~quakw  a]ong thiS zone IJlay

I)c smaller than expec[eci strike-slip eve]~ts on the San A~iclreas  fault and each
fault movm more slowly, in agglegat~, they arc mc)rc frequent and are occurring
clirmtly beneath densely po]mlated, highly developeci ~lrba~i  areas.

q’hc llarthquakc  Source

J@imm! Scismicity.

Since 1920, eighteen n]odcl ate (M4,8-6.7)  ~~lai~~sl~ock-afters}~c)ck  scq~~cl~ccs
have occurred in the greater 1 m Angeles area (I;ig. 1), Because on] y the 1971 San
l~crnanclo  earthquake prociuced surface rupture, the assc)ciation  betwml~ a
mainshock hypoccnter  and a nearl)y fault is usually inferred from the mainshock
focal mechanism and the distribution c~f aftershocks. These earthquakes have
occurred in two temporal and spatial clusters. The firs{ was from 1920 to 1942
along t}w southern 1 m Angeles basin while the second, from 1970 to the present,
is ccmcmtratccl  along the northmm  Pdgc of the I m AI~geles basin (20).

3’lIc 1971 San F’ernando earthquake (M,t, 6.7) (?1) was located just noI theast of
the Northridge  earthquake, also on a west-northwest-striking plane, but dipping
down to the north, part of the Sierra Mad re system that lifts up the San C;abriel
mountains (lJig, 1, 2). Studies of that eartl~qmke (2?, 2.3) suggested that the west-
ern edge of the thrust fault was boundeci by a north-northeast strikins  left-lateral
tear fault, called the “Chatsworth  trend”. Other moderate earthquakes in this
tempc}ral  cluster have occurred on t}w Sierra Madre fault (24), the Hlysian l’ark
fault system (25) and the Raymond fault (?6). Besiclc’s t}~e moderate earthquakes,
the northern flank of the 1 m AngQles basin has sustained a high level of back-
ground  microscismicity  in the last decade (7). l~ocal  mechanisms in the in~nwd-
iate vicinity of Northridgc  show thrust carthquakm  in the north-d ip~)ing San
l+rnanclo rupture zone, its westward extclision and near the NorthridSe  main-
shock fault plane. Strike-slip events col~tinucd  along the Chatsworth trmlci(27),

I’he Northridge  earthquake had no immediate foreshocks although the after-
shock zone averaged 22 events/ yr from 1981-1993 above Ml .7. I’en days before
i}w event, a swarm of small earthquakes (including four M3.O-3.7) occurred in the
Santa Mcn~ica  Bay, 30 km south of the Northridge hypocenter. The alignment of
the epicenters suggests a shallow, south-di~)ping  fault, parallel to the Northridge
fault but offset at least 30 km to the scmtll,  Because they occurred on a separate
fault and MXt events occur in the 1,OS Angeles basin 5-10 times each year, we see
no direct relationship between these events and the Northridge earthquake.

Moiushod Source Prrrrmdcts.

The Northridge  earthquake originated at 34° 12.53’N;  118° 32.44’W, about 30
km west-northwest of downtown I m An8eles at a focal depth of 19 km. The first
rnc)tion  focal mechanism shows almost ~JUrf?  thrust motion cm a plane striking
N70°-800W  and dipping 35°-450 down to t}w south-southwest (Fig. 1). Models of
the lcmg-period waveforms and geodetic offsets suggest similar fault m-ienta-
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lions, although several of the longm-pc]  imi solutio]ls have a lnore northerly
st]ike, TM earthquake began at the dowll-ciipt southeastern corner of this plane
and ruptured up to the northwest for about 15 km, ~“his suggests that rupture
began cm a plane striking N75°W and bent to the north as it propogat?$o  the ~
west. WCI have no evidence of slip above almut 8 km depth.

Models of kmih body wave and surface wave data give a seismic moment of
(1.2 ~ 0.2) x 10lg Nt-m and all c)f the geodetic models suggest similar moments.
All of these models imply a larger amount of slip than usually seen on thrust
faults only 15 km lc)ng. The maximum slip during the Ncmthrictge earthquake
exceeds 3 m and is concentrated 5-10 km ncmthwest  and updip of the hypcmmter
(28). ~’his patch of slip appears to have produced a distinct, second pulse of
energy about 2 seconds after the start c~f the earthquake which led to early, public
media reports that the Nmthridge earthquake was actual]y twc) events.

A~teKhocks,

3’Iw 2000 aftershc)cks of M>].5  recc)rdcct  in the first 3 weeks of the sequence
(Fig. 3) (29)  fc)rm t wc) z,ones. (h]e, assc)ciatcci  with the mainshc)ck  rupture,
c)utlines  an approxin~ately  square zc)ne extending about 15 km west-ncwthwmt
from the mainshock epicenter and about 15 km to the ~~c)rtl~-~~ortl~cast.  A seccmc]
zc)ne, about 15 km long and 10 km wicie, northwest c~f the mainshock  mne
developed after the secc)nd  largest aftershock occurred 11 hours af[cr the main-
shock. All the aftershocks ft-c)m January 18 to Junc 1 occurred within the area
defined during the first 24 hours c)f activity (.30).

The mainshock  began at the sc)utheastern end c)f the aftershock zcme. The
aftershocks clefint) a35°- 45° dipping plane from 19 km tc) about 8 km depth (lFig.
3). ‘1’he southern half of this zone lies uncle]  the San I:ernando  Valley. ?he plane
is topped by a clcwd of aftershock hypocentcrs  resulting in diffuse deformation
of an overlying anticline. ‘1’lIc  westmmmc)st  15 km c)f the afters}~ock zone forms
an approximately vertical distribution bm~eath  the Santa Susana Mountains,
appearing to be cm secondary faults that did not rupture in the mainshock.
Aftershocks began to occur in this region cm]y after the second largest aftershock
had occurred. It had a local magnitude of 5.6 at a depth of 11 km, and a thrust-
faulting fc~cal mechanism similar to the maillshock, The largest aftershc)ck was a
M5.9 event t}~at occurred one minute after the mainshock along t}w eastern edge
of the aftershock zone. By fitting a decay rate equation tc) the aftershc)ck data
from the first 12 weeks, we can estimate t}~c number of aftershocks tc) expect in
the future (i31 ). The Northriclge  aftershc)ck sequence has an overall greater
productivity than average but is dying off slightly more quickly than average for
California aftershock sequences. The prc)babi]ity of one more aftershock abcwe
magnitude 5 between June 1, 1994 and May 31, 1995, is 50%.

~’he 1971 San Fernando earthquake occurred on a fault parallel to the
Northridge  fault but dipping in the opposite direction, down to the north (}~ig. 3).
The 1994 fault dips up to the north towards the 1971 plane (Fig. 3). Although the

{~~’ ~ ~hat~wort}l ~end  bounded the 1971 aftershock zone to the west (22), we do not.
,,,
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see a similar structure in the 1994 aftershocks. Rather, the probable 1994
mainshock ruptur-e plane extends about 15 km in a]~ east-southeast direction and
is bisected by the Chatsworth trend. Northridge  aftershocks occur within the
hanging wall near the Chatsworth trend; however, unlike 1971, few of the 1994
aftershocks have strike-slip mechanisms and the few that do, do nc)t form a
lineation  of any orientation witliin the zone. It thus appears that the 1994
mainshock broke across the Chatsworth  trend and produced slip on both sides of
that tear fault without reactivating it. Most of the 1971 aftershocks defining the
(%atsworth  trend were shallow (<1 O km) so this structure might exist on] y in t}~e
hanging wall of the 1994 earthquake (22).

Earthquake Effects

Crustnl  llc~ormflfion

Hastic  strain released by the Northridge  earthquake measurably deformed
the crust in a 5,000 kmp area surrounding the epicentra]  region. Observaticms of
the displacements of 25 survpy stations determined using C;]% (C;lobal
l’ositioning  System satellites) before and after the earthquake show that stations
were lifted up more than 50 cm, and displaced horizontally  as much as 21 cm
(Fig. 4). The vertical displacements along the causal fault during the earthquake
raised the Santa Susana Mountains and the northern San Fernando Valley. In
addition to the ground motion directly attributable to slip on the fault, seven sta-
tions to the nort}l and west of the rupture show several cms of westward motion
that cannot be modeled by either the mai~dock or the significant aftershocks.

Continuous high-precision strain measurements were made in boreholes
before, during and after the Northridge  earthquake at distances of 74 and 196
km. The coseismic, peak dynamic strains observed in t}~e boreholes exceeded 10
micros train with net offsets of 21 nanostr ain (extensio]i) and 5 nanostrain (ccm)-
pression),  respectively. These offsets are consistent with the moment c)f the
earthquake, No systematic change in strain above the background noise of 0,1
nanostrain  occurred during the hours to ll~illiseconds before the event, Some
minor relaxation (rebound) occurred in the few lninutes after the main rupture.

Ground Shnkin~

The Northridge  earthquake produced very strong grc)und motions across a
significant part of the L,cw Angeles metropolitan area (Fig. 4). It also produced an
unprecedented number of important strong-motion accelerc)grarns,  more than
200 free-field recordings (32). The high level of damage in this earthquake result-
ed in large part from the dense populatioli in immediate proximity to the earth-
quake source. This is reflected in the strcmg motion data set, with many more
strong motion recordings within 25  km of the source than ever before recorded
for a single event.

The peak horizontal accelerations recorded in this earthquake were larger on
average for its magnitude than the peak accelerations recorded for other reverse-
faulting earthquakes (Fig. 5). 1 lowever,  how the accelerations diminish with
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type of earthquake is not well established ducI to
at very s}lort distances. Although early reports-- . .

suggested that high vertical accelerations may have contributed tcl the extensive
damage in the Ncnlhridge earthquake (a report adopted by many who confused
the vertical motion of the fault block with vertical shaking at a site), the ratio c]f
peak vertical to peak hcn-izmta]  acceleration in this earthquake is not anomalous.
The vertical nnd horizontal ground accelerations, velocities, and displacements
were large, but t}~e average peak accelerations are nc) more than one standard
deviation above the mean of the average in other earthquakes. The systematic
variation in overall acceleration levels between earthquakes has been recc>gnimcl
for some time (.33) and extensively analyzed (34).

Ikw different sites in one earthquake, the mc)st important factor controlling the
amount of strong shaking is the distance of the site from the fault plane. The
sites closest to the Northridge  earthquake are those north of the hypoccnter
bccausc the plane shallows tc) the ncnth.  IT] addition to source distance, a number
of other factors contribute to the variability of ground motions apparent in Fig. 4
and 5. Directivity  (35) probably increased the grc)und motions at sites to the
north of the epicenter as the fault rupture propagated toward them. In the region
10-15 km north-northeast of the epicenter, where we would expect the combined
effects of radiation pattern (36) and directivity  to be maximized for this fault
geometry, the recorded ground velc)cities are among the largest ever recorded.
In fact, the recorded peak horizontal ground velocity at a free-field site near the
county hospital in Sylrnar (15 km north-northeast of the epicenter) was about 130
cm/s; the peak velocity was over 170 cm/s at the 1.OS Angeles Department of
Water and Power Rinaldi Receiving station several km south of the hospital (37).
The ground velocities in this region are do]ninated  by a single, large amplitude
pulse indicative of source directivity. lior many larger structures, peak ground
velocity is a better measure of damage potential than is peak ground acceleration.

As in other earthquakes, soft soils may have produced higher ground motions
locally (38). Several of the larger peak accelerations were located south of the
epicenter where the large amplitudes were likely controlled by propagation and
site effects rather than source radiation alone. The high frequency variations in
the peak accelerations at these sites lead to lowerpeak velocities for the same or
higher peak accelerations than at the northern sites. Farther south in the north-
ern I,os Angeles basin, the generation of surface waves along the edge of the
basin may have played a role in the high accelerations and extensive damage in
Santa Monica, Hollywood and south-central Los Angeles (39). When the data on
site conditions have been collected, the Northridge  earthquake will provide an
opportunity to learn more about the effect of site conditions on ground motion.

Grotind  ]hilurc

In contrast to the 15 km of well-defined surface faulting in the 1971 San
l~ernandc)  earthquake (9), the Northridge  event produced no clear evidence of
primary surface rupture, Slip on concealed faults by definition does not come to
the surface, but it can result in coseismic folding above the fault plane producing
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a broad zone of surficial deformation. This deformation in the Northriclge earth-
quake was concentrated in three locations -- near t}w epicenter, in C;ranada I Iills
just cast of the inferred rupture surface, and along the north flank of the Santa
Susana Mountains (I~ig, 4).

Most of the surface displacements ill these features are extensional, with
cumulative displaccmcmts across zones of fractures rarely exceeding a few tens of
centimeters. Where these fractures cross streets and sidewalks, they are refracted
into complex arrays of pavement cracks and buckles, spallcd and extendccl curbs,
and tented sidewalk slabs; many of these features probably resulted from decml-
plillg of the pavement from the ground below. Most of the deformatic~n appears
to bc attributable to ground failure from strong shaking, differential compaction
of loose sediment in the subsurface, or liquefaction (40). However, we cannot
rule out the possibility that some of the deformation in Granada Hills and along
the northern flank of the Santa Susana Mountains is a response to folding during
coseismic uplift of the mountains and northern San Fernando Valley.

Although displacements on the secondary ground ruptures arc small, the
linear extent of these zones is comparable to what might be expected for a surface
faulting earthquake of similar magnitude. They also caused significant damage
in densely developed areas (4?). The ability to recognize  zones of secondary
ground deformation before the next majc]r earthquake represents a significant
challenge to geologists. 1 Iowever, deformation clearly occurs repeatedly in the
same areas. Secondary fractures are commonly aligned along fault zones or the
axial surfaces of folds, and preferentially occur in regions underlain by soft
sediment. h~ many cases, these zones have subtle topographic expression.

Ijiqucfoction.

Liquefaction produced sand blows and other evidence of permanent ground
deformation in Holocene alluvial deposits and filled land at several sites within
48 km of the epicenter (Fig. 4), damaging pipelines, water-supply channels, filtra-
tion facilities, parking lots, residential and commercial buildings, storm-drains
and flood-control debris basins, I Iowever, the Northridge  earthquake caused
much less ground failure due to liquefaction than many other earthquakes of its
size. The near-surface deposits in much of the western San Fernando Valley
consist mainly of cohesive clay and clayey silt. Cohesive water-saturated sedi-
ment is not generally susceptible to liquefaction, which might explain the rela-
tively sparse incidence of observed liquefaction-related damage in the epicentral
area.

A cluster of sites 10-15 km northeast of the epicenter (Fig. 4) experienced
liquefaction both in 1994 and in the 1971 San Fernando earthquake but with
smaller displacements at the ground surface in 1994. Follow-up studies at these
sites will be required to discern if the smaller ground displacements are best
ascribed to increased relative density caused by ground shaking, lowered ground
water table that increases the effective normal stress acting cm elements of soil at
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dcpfh,  the shorter duration of shaking in 1994 compared to 1971 (42) or to
engineered coun{crmeasures  taken to mitig,~(e  the liquefaction hazard.

Regional liquefaction hazard maps of the I,os Angeles region assume that
highly liquefiable, loose, clay-free, sandy, alluvial fan deposits or narrow channel
deposits of fcmncr streams could experience liquefaction when associated with
persistent shallow ground water. }Iowever,  in many areas, including the west-
ern San Fernanclo Valley, these deposits are not mappable from surface exposure.
Thus the regions of persistent shallow ground water (<3 m) were mapped to
highlight areas where additional site-specific studies might be advisable to
determine if susceptible deposits were present (43). Additional studies of the
permanent ground deformation described above are needed to determine if
liquefaction-induced ground failure, settlement, or seismically-induced compac-
tion of small bodies of loose sediment in a dry state could explain their occur-
rence. For much of the epicentral area, if ground water levels are maintained at
or below present levels, the risk of liquefaction in buried channel deposits for a
comparable sized earthquake is probably at acceptable levels,

Earthquake Damage to Structures

Structural damage was extensive but not devastating. About 3,000 buildings
were deemed unsafe by building inspectcm, only a small fraction of the total in-
ventory in the region of strong shaking, and many of these are repairable. Losses
to the contents of buildings were major, prclbab]y  exceeding the total cost of the
structural damage, Significant damage also occurred to bridges, a major dam,
electric power facilities, and water and gas pipelines. Restoration of utilities was
rapid, because of the use of redundant and backup systems, The LOS Angeles
high-rises were outside the region of very strong shaking and were mostly
unaffected, as was the new subway.

[Unreinforced masonry buildings (URMS) cracked and parts of their walls fell
outward, but few life threatening collapses to occupants occurred, Many of these
buildings are residential and not one life was lost. Ijowever, few URMS exist in
the epicentral  region. Most existing URMS were built before 1933, the year the
Long Beach earthquake damaged many such structures, and the epicentral
region had few buildings at that time. A LJRM retrofit program instituted by the
City of Los Angeles has strengthened 4,000 buildings and helped to prevent life
loss during the Northridge  earthquake. Damage to lJRMs  occurred both in 1.OS
Angeles where most of these structures are retrofitted and in adjacent cities with-
out retrofit programs, so documentation of the benefits of retrofit can be made,

Nonductile  reinforced concrete buildings behaved poorly with partial col-
lapses of a multi-story medical clinic and a mall, both high-occupancy structures
during business hours. In addition, a hotel, condominium tower, hospital and
office building were left severely damaged. Many older reinforced concrete
buildings built before the mid 1970’s, when lessons from the 1971 San Fernando
earthquake were incorporated into the codes, are ncmductile  (i.e., brittle) and
carry significant risk. Modern reinforced concrete structures fared fairly well
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with the exception of precast concre[e parking garages, 6 of which partially col-
lapsed. l~actors in these collapses may include connecticm  inadequacies and pclor
lateral deformation capability of components intended to carry only vertical load.

Wood frame buildings, both old and new, showed deficiencies. Inadequate
bracing in parkin: areas in the ground story of multi-story residential structures
caused some ground story collapses and the deaths of 16 people at one apart-
ment complex. Reliance on brittle materials such as stucco for lateral strength
proved unwise as these materials broke clown under cyclic loading. The trend
toward fewer, heavier shear walls created large overturning forces and caused
base anchors to fail. Post-earthquake reconnaissance of damaged wooden
buildings revealed that many were not ccmstructed according to the ~pproved
plans, suggesting a lack of proper inspection. This poor workmanship was a
major reason for much damage.

The structural behavior with the potentially greatest economic implications
was the brittle fracture of welded ccmnectic)ns in steel buildings, most often the
beam-to-column connections which give a building its lateral earthquake resist-
ance. Steel buildings are cornrncmly believed to possess excellent ductility, but
apparently the welding procedures in use do not achieve this desired behavior.
Laboratory test results also sometimes show poor behavior, but not to the extent
seen in the field. Although the problem seems serious, none of the 50 or so
buildings identified with connection fractures collapsed or even developed a
serious lean. Some damaged buildings are yet to be identified because the cracks
are well hidden behind fireproofing and architectural finishing materials. Many
aspects of the problem, including proper repair strategies, remain to be resolved.

Damage to furnishings, storage racks, ceilings, glass, piping and equipment
was extensive. Although hospitals are designed for higher seismic forces than
ordinary buildings, several were forced to close temporarily solely from non-
structural damage. This list includes the county hospital in Sylmar, an exceed-
ingly strong post-1971 structure with steel shear walls, where a peak horizontal
acceleration of 2.3 g was recorded on the roof. Schools suffered much nonstruc-
tural damage, and falling lights would have claimed lives had schocds been in
session. Water damage from broken piping required massive clean-up efforts in
many buildings. Malfunctions of back-up power systems affected hospitals,
telephone service, and emergency response operations.

Two major base-isolated buildings were shaken by moderate ground acceler-
ations, reaching 0.5 g horizontal at one site, and performed well without damage.
These buildings are supported on rubber pads which provide flexibility to isolate
against horizontal ground motions. A critical design objective is to avoid exces-
sive pad displacements, and this can be difficult if the ground motion contains a
strong long-period component. The Northridge earthquake motions at the sites
of the base-isolated buildings were deficient in long periods, so this successful
experience does not prove them fail-safe. There were other sites with much
stronger long-period ground motion, especially at the county hospital in Sylmar,
and a base-isolated structure located there would have been tested severely.
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The Northridge earthquake struck durins  California’s ongoing seismic retrofit
program for bridges which began after the 1989 1,mna IJrieta earthquake. Free-
way bridges in California are typically reinforced concrete box girders supported
on reinforced concrete columns, and seven such bridges collapsed. Five of these
were of pre-1971 nonductile design and had been scheduled for retrofit, and the
other two date to the n~id-1970’s  and were of better design. One of the collapses
was a high bridge, and excessive sway pulled the expansion joints apart causing
decks to fall. inadequately reinforced columns caused the other collapses; the
columns of the two more recent bridges were still substandard even though these
two bridges had not been placed on the retrofit list. Several older bridges that
had had their columns retrofitted by steel jackets performed well but did not
experience the very strong shaking.

Of the more than 100 dams located within 80 km of the epicenter, only
I’acoima  Dam, a 111 m high arch dam (located 18 km from the epicenter but only
10 km from the probable fault plane), suffered notable damage. Recorded
accelerations as high as 2 g on the canyon walls triggered numerous rock falls. A
5 cm wide crack opened at the left abutment of the dam because of movement of
the adjacent rock mass, and cracks in the upper part of the dam were testament
to the strong shaking. The water level during the earthquake was low, and since
Pacoima Dam is operated for flood control, high water is infrequent. After an
embankment dam liquefied and was nearly overtopped during the 1971 San
Fernando earthquake, the California dam regulatory agency has overseen seismic
improvements at 27 dams in the region, including installation of rock anchors on
the left abutment of Pacoirna Dam which helped to limit the rock movement
there during the Northridge earthquake.

Discussion

Detailed studies of major earthquakes through both the earth sciences and
engineering provide us the knowledge to mitigate future earthquake hazards.
These studies include characterization of the earthquake source (using the
geologic and seismologic record to estimate how large an earthquake can happen
with what probability), prediction of the ground motions (given an earthquake of
some size at some distance, how will the ground actually move under your
building), and building response (how do buildings behave subjected to those
ground motions). All of this knowledge is necessary to ensure the safety of our
buildings and structures. We need to insure that the lessons learned from the
Northridge  earthquake lead to real improvements in our built environment.
Some of the conclusions from the earthquake were expected from recent research
and some surprised us. If we implement these lessons, we will protect the lives
not only of Californians but of many other regions of the United States and the
world at risk from earthquakes.

Concealed faults beneath I,os Angeles have been recognized from distribu-
tions of microseismicity  (7), and detailed maps of overlying geologic structures
(15, 44). Geodetic data have been used to infer rates of motion that together with
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seismological or geological evidence of the location of the faults can provide an
estimate of the hazard from the faults. Sucli studies have found several probable
concealed thrust systems in the Los Angeles basin south of the San Fernando
Valley. However, it is notable that neither c>f the faults in the 1987 or 1994 earth-
quakes were recognized before the events, Our inability to recognize the struc-
tures before the eilrthquake  is a testament to the inadequacies of present geologic
data and the non-uniqueness of structural models. An important question is
whether more detailed analyses on the San Fernando Valley before the
Northridge  earthquake would have allowed us to recognize that concealed fault
without a major event.

Distributions of microseismicity  can delineate the three-dimensional structure
of fault systems and these studies have defined both north- and south-dipping
fault systems beneath the Los Angeles basin (7). This type of study had not been
conducted near the Northridge  earthquake before it happened and none of the
geologic studies of the San Fernando Valley had recognized a major south-
dipping fault. Analysis of the secondary zones of deformation produced in the
Northridge  earthquake may provide important constraints on models of
concealed thrust faults. Recognition and analysis of such features in other
regions potentially cou]d provide a method to assess the activity and recurrence
intervals of earthquakes on concealed faults.

Geodetic data revealed__ rapid.  rn~tion at the northern margin .of. the -
Northridge rupture~~) and the style of faulting was consistent with these data.
interpretation of geodetic data, in conjunction with studies of microseismicity
and geologic models, should prove to be a powerful method for hazard
assessment (17). However, because no one fault dominates the deformation of
this region, hazard mitigation efforts that focus on avoiding one or a few fault
structures are not appropriate. With scores of faults, each moving no more
frequently than once or twice a millennium, the approach to mitigation must be
regionally based. Because of the difference between human and geologic time
scales, the most active fault need not, and probably will not, be the fault that
ruptures in our lifetime. For instance, the Northridge earthquake raised the
northern San Fernando Valley by several centimeters, but the Valley is a valley,
arguing that other earthquakes must be lowering this region more often than this
earthquake lowers it. Earthquake hazard mitigation in Los Angeles must take all
these faults into account.

While planning for the earthquakes that will occur on the thrust faults of the
Big Bend Compressional  Zone, we must not forget the significant earthquake risk
in southern California from the large or great earthquakes along the San Andreas
fault. The full extent of the urban corridor from San Bernardino thrpugh 1,OS
Angeles, and northwest to Santa Barbara is at risk from both the thrust faults and
the San Andreas fault and the two risks are comparable. The earthquake history
of the San Andreas fault suggests that part of the San Andreas fault nearest to
Los Angeles, the Mojave segment, produces great earthquakes on average every
131 years (45). The individual concealed and surficial thrust faults in the Big
Bend Compressional  Zone move more slowly, the necessary geological data are
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difficult to obtain in an urban setting and their earthquake history is in most
cases unknown. l]owcvcr, estimates of the slip over all the faults in Ims Angeles
from geologic information suggest that earthquakes as large as Northridge must
occur on average every 40 years somewhere in the Los Angeles region (20).

The rate of earthquakes actually recorded in I.os Angeles since 1800 cannot
account for this accumulation. Three possible explanations for this discrepancy
arc 1) that the rate of the last 200 years is anomalously low and in the future,
moderate earthquakes will be more common, 2) Los Angeles is accumulating slip
to be released in a much larger earthquake of M7.5 or larger, or 3) that significant
geologic slip is occurring aseismically. Further studies may help us differentiate
between these three possibilities. This has become more crucial because of the
present increase in seismicity in southern California, a doubling in the rate of
M>5 events, especially  in LOS Angeles (46). We do not know why the rate of
seismicity  has increased, but until we have evidence that the rate has changed
again, we must consider the rate of the last decade -- Dalmost one M25 earthquake . . ~
per year in the Los Angeles area -- to be the best estimate of the seismic hazard in q f~ /’

/,~ f~+the next few years.
%

-dG , ~
Slip on the Northridge fault plane undoubtedly changed the static stresses on

nearby faults, including the San Andreas fault. Calculations suggest that if the
$’4/4{ d

frictional strength of the San Andreas fault is low (47) then a 50-km long segment ‘>/ Y(,
of the San Andreas fault north of Palrndale was slightly relaxed by Northridge- ~y ;i
induced stress changes, and a 30-km long segment south of Palmdale  was -<
slightly more loaded. These types of stress changes have affected the rate of
microseisrnicity  after large earthquakes in the San Francisco region (48). If the
nucleation point for the next large earthquake on the San Andreas fault lies in
either the relaxed or the more loaded segment, then that earthquake might be
delayed or advanced, respectively, by 2-3 years, based on comparing the
magnitude of the Northridge-induced  stress changes with the normal tectonic
loading rate for this part of the San Andreas fault, If the nucleation point is in
neither of these segments, then the Northridge earthquake is not likely to have
had much effect at all on the timing of the next Big One, although post-
Northridge aseismic  afterslip(in  the region might considerably alter the stress
distribution over time. ~~ r~icw<+ I OF,

The Northridge earthquake raises the question as to whether the current
building code adequately represents earthquake loading and structure behavior.
(The Uniform Building Code is in use in California.) The “code earthquake” is
intended to be the maximum one with some reasonable chance of occurring. The
grcmnd motions from the Northridge earthquake exceed the code earthquake,
especially for higher frequencies. Such ground motions must be regarded as the
norm in the epicentral region of a large thrust earthquake. Furthermore, because
earthquakes larger than Northridge will occur, other possible deficiencies in the
code earthquake may exist such as insufficient consideration of long-period
grcmnd motion, near-fault ground motions, and duration effects. The behavior of
structures is inadequately represented in the code because of a lack of
knowledge; the steel connection fracture problem is one example from the



June 3, 1994, 09:48 AM Draft: Do noi  cite Pg. 14

Northridge  earthquake. Conclusions about code adequacy based on building
performance have to be made carefully. Behavior of older structures may not be
relevant for current codes. Also, for strong shaking, damage is to be expected
(even in new structures and possibly damage that is unrepairable) since the goal
of a building code is to prevent life loss by preventing collapse. Design mistakes
and construction flaws must be sorted out as well.

The focus of current design practice solely on avoiding collapse may warrant
rethinking in California. Nonstructural damage caused more than half of the
financial losses in the Northridge  earthquake and the present rate of seismicity
suggests that similar earthquakes can occur several times in a normal lifetime.
Encouraging simple, cost-effective mitigation among members of the public, such
as securing computers, water pipes, ceiling tiles and bookcases, could save
billions of dollars in future earthquakes. Nontraditional technologies such as
base isolation have much promise in reducing property losses and maintaining
functionality after the event, and development should continue. Engineers need
to devise methods for limiting damage that can be offered as design options.

The widespread ground failure caused by the Northridge  earthquake was
similar to the ground failures caused by the 1989 I,oma I’rieta earthquake,
although neither had any direct connection to the causative fault. These types of
deformation are, in part, related to near surface geologic conditions that can be
identified and mapped for all urban areas of California. Such hazard identifica-
tions should become part of future land use planning practices.

Large earthquakes will occur again in southern California. Almost 100 faults
in the Los Angeles metropolitan area have been identified as capable of damag-
ing, M26 earthquakes (6), and more are probably still unmapped, but only a few
of these, and we do not know which, will produce events in our lifetimes. The
mitigation strategies for this heavily populated metropolitan area should focus
on recognizing that large earthquakes in the urban areas are not very rare events,
predicting the effects of these earthquakes, and designing buildings and response
strategies that adequately account for these effects.

Conclusions

The 1994 Northridge  earthquake has forcefully brought home two important
discoveries of the last two decades in seismology. First, it emphasized the
complexity of seismic deformation within the broad fold and thrust belt adjacent
to the Big Bend of the San Andreas fault and dramatically demonstrated the
threat posed by concealed faults in the Los Angeles Basin. By definition, these
faults cannot be mapped at the surface, However, because of their urban setting,
they are potentially the most dangerous faults for Los Angeles. Analysis of
microseismicity  and detailed mapping of the overlying folds are needed to better
understand the hazard they represent. Second, the Northridge earthquake pro-
vided the largest ever data set of near-field strong motion recordings and proved
unequivocally that ground accelerations close to the force of gravity are possible
from moderate (M<7) earthquakes, and perhaps more importantly, ground
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velocities can exmcci 1 m/s. These data will allow a more detailed examination
of the role of site effects on ground motion. Moreover, because of the very large
numbers of buildings shaken by this earthquake, engineering results on what
determines the extent of damage to buildings and other structures may be the
most important advance for seismic hazard mitigation. This earthquake also
highlighted some of the still poorly understood aspects of the earthquake
process, especially how an earthquake starts, how it stops and what controls the
dynamic and static stress drops of an earthquake. The Northridge  earthquake
confirmed many of the seismological research results of the last two decades.
These predict that the ground motions experienced in this earthquake will
probably occur again in the lifetime of many residents I,os Angeles.
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tude (Davis, S. D., Trans. Amer.. Gco)J@. U., 74,317, 1993 (abst)). Northridge
should have been too small to have triggered a swarm, so other factors may
be important. The Geyser’s has a high and fairly constant level of seismicity
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linear effect) with those predicted for a single co-squared model with fmax =
10Hz using the site amplification factor estimated by the coda method (Su, F.,
K, Aki, T. Teng, Y. Zeng, S. Koyanagi and K. Mayeda, Bull. Seism. SOc. Am., 82,
580, 1992 and Chin, B. H., and K. Aki, Bull, Sei.m.  Sot, Am., 81, 1859, 1991).
The “stress parameter” of the best fitting model was about 150 bars, which is
two to three times the representative value for the western U. S. (Atkinson, G.
M. and Boore, D. M., Earthquake Spectra,  6, No. 1,15, 1990).

(35) The velocity of rupture propagation is very nearly the same as the velocity of
shear-wave propagation. As a consequence, if the rupture propagates toward
a station, radiation from a relatively long portion of the rupture arrives at the
station in a relatively short time compared to stations at other azimuths,
hence the ground motions amplitudes are larger. In turn, a station located
away from the propagation direction will record a more elongated wave train
with less severe ground motion.
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(36) The shear motion across a fault leads to a nonhmnogcnous distribution of
energy radiation from an earthquake. Santa Monica was in the direction of
maximum S-wave radiation while in comparison, Pasadena was at a mini-
mum in both P and S waves.
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minimum estimate of 130 cm/s. Any longer delay would imply an even
greater velocity.
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(41 ) Ground fractures were largely the cause of numerous breaks in water and
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Hills that destroyed five homes. Permanent ground deformation was also
wholly or partially to blame for extensive foundation damage to hundreds of
homes in the San Fernando Valley.

(42) The duration of rupture in the 1971 earthquake was 10-12 s (Heaton, T. H.,
1982, Bull. %iswol,  Sot, Anm., 72, 2037-2062) compared to 6-8 s for the
Northridge earthquake. Each shaking cycle increases the compaction of soils
so that duration is an important factor controlling liquefaction (Youd, T. 1,.,
1972, j, Soil Mcch. md Found fltiom Engiu., 98, 709.).

(43) Tinsley,  J. C., T. L. Youd, D. M. Perkins, and A. T. F. Chen, in Evalunti}tg
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Francisco, 1983 M6.5 Coalinga and 1989 M7.1 Loma Prieta events). In other
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Figures

Fig. 1. A digital shaded relief map of southern California topography produce
from lJ.S.G.S.  topographic data files, faults and M25.O earthquakes since 1932.
The earthquakes are shown by lower hemisphere focal mechanisms with size
proportional to magnitude and compressions] quadrants shaded if the
mechanism is known, and by open circles when it is not known. The
mechanism of the 1994 Northridgc earthquake is shown in red and an outline
of its aftershock zone is in yellow.

Fig. 2. A map of sout}wrn California showing the major faults and physiographic
regions and the Ml, 2 6.0 earthquakes recorded from 1932 through 1993.
1 listoric  fault rupture is shown in red. Large arrows indicate the sense and
magnitude of plate motion. Some fault names are abbreviated as: ADF =
Anacapa Dume fault; BAF = Banning fault; CT = Cucamonga  fault; MCF =
Mission Creek fault; ORF = Oak Ridge fault; PVF = Pales Verdes fault; 1<1 IF =
Raymond Hi]l fault; SDT = San Diego Trough-Bahia-Soledad  fault; SFF = San
Fernando fault; SMF = Santa Monica fault; SRF =: Sierra Madre fault; SSF =
Santa Susana fault. AD1) SAN CAYETAN()

Fig. 3. a) A map showing epicenters of the Jan. 17, 1994 Northridge  earthquake
and its aftershocks (in red) and the Feb. 9, 1971 San Fernando earthquake and
its aftershocks (in blue) with faults from (50). b) A cross section of the
hypocenters  in Fig. 3a projected onto a line trending N30°E.

Fig. 4. A digital shaded relief map of southern California topography produce
from U. S.G.S. topographic data files showing data from the 1994 Northridge
earthquake including zones of ground deformation, geodetic horizontal
displacements and contours of uplift, most of the liquefaction sites (some may
not have been included in the early reporting), and measurements of peak
ground accelerations.

Fig. 5 The larger peak of the two horizontal components of acceleration in the
Northridge  earthquake (filled circles) (34) compared with the median and ~
cme-standard-dcwiation  curves given by the equations of (38) for a moment
magnitude 6.7 earthquake and site Class B, that we believe are representative
of typical Northridge  sites. The acceleration data are plotted against the clos-
est horizontal distance to the rupture defined by the GPS data (Fig. 4). We plot
only sites whose motion is judged to be unaffected by structures they are on or
near. The open circles show values from the 1971 San Fernando earthquake.
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